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Single‐nucleotide polymorphismGenome-wide association (GWA) studies are currently one of the most powerful tools in identifying disease-
associated genes or variants. In typical GWA studies, single-nucleotide polymorphisms (SNPs) are often used
as genetic makers. Therefore, it is critical to estimate the percentage of genetic variations which can be covered
by SNPs through linkage disequilibrium (LD). In this study, we use the concept of haplotype blocks to evaluate
the coverage of ﬁve SNP sets including the HapMap and four commercial arrays, for every exon in the human
genome. We show that although some Chips can reach similar coverage as the HapMap, only about 50% of
exons are completely covered by haplotype blocks of HapMap SNPs. We suggest further high-resolution
genotyping methods are required, to provide adequate genome-wide power for identifying variants.
© 2012 Published by Elsevier Inc.1. Introduction
Single-nucleotide polymorphism is one of the most important
kinds of markers in genetic and disease-genetic studies. By using hun-
dreds of thousands of SNPs, genome-wide association (GWA) studies
aim to identify disease-associated SNPs across the whole human ge-
nome, and lead to the discovery of novel susceptible genes [1]. Al-
though a lot of GWA studies have been launched and many are
ﬁnished [2–6], there are still disputable aspects in the study designs
and analyses. One of them is that, an investigator has to select
known SNPs for genotyping and most of the times choose from the
commercially available alternatives [7,8]. Therefore, it is important
to evaluate the coverage of a set of SNPs, such as commercial Chips
SNPs and HapMap SNPs. [7,9–11].
In previous studies several different approaches were used to
evaluate genomic coverage of SNP chips, but the common feature
they share is that they all measured the coverage rate as the possibil-
ity or percentage of SNPs, un-genotyped but in linkage disequilibrium
(LD) with genotyped SNPs (linked SNPs, LSNPs for short; and TSNPs
for short of genotyped SNPs or tag SNPs) [7,9,10]. So we call it the
percentage-of-SNP coverage. However, there are limitations when ap-
plying this concept. The main reason is that there are many variations
with unknown LD information with TSNPs, so one has to assume thesibs.ac.cn (Y. Li).
sevier Inc.percentage of coverage are similar between these variations and
LSNPs (see Materials and methods). Moreover, the problem becomes
more serious when calculating local coverage (Fig. 1) for genes.
In this study, we used the concept of regional coverage instead of
the previous percentage-of-SNP coverage, and to determine regional
coverage we applied the concept of haplotype blocks [12]. A haplo-
type block is a genomic region with little historical recombination
and has a few common haplotypes within it (see Materials and
methods section) [12]. If a region is covered by one haplotype block,
little historical recombination will occur in this region, leading to
high correlation among the base pairs, and DNA variants in it will
be more sufﬁciently captured by surrounding TSNPs. For a certain
part of genomic region, we deﬁne its coverage as whether it's fully
covered by one haplotype block. In this way, we not only solve the
problem mentioned above, but also provide two other advantages.
First, we can calculate the coverage of the whole set of HapMap
SNPs, because our measurement needs only one set of TSNPs, while
in previous studies [7,9,10], two are needed (LSNPs and TSNPs).
Second, for the regions to be evaluated, a higher resolution can be
reached. We can calculate the coverage for smaller region such as
an exon rather than a whole gene. However, it also limits us to an es-
timation of small regions, because haplotype blocks are usually short
(tens of kb). Since protein coding sequences are estimated to harbor
85% of disease related mutations in human [13], we applied our mea-
surement to exons. The coverage of each exon for all HapMap SNPs
and four currently available SNP Chips were estimated in this study.
The results should be helpful to determine if it is necessary for sup-
plementary genotyping for a GWA study [9].
Fig. 1. A schematic diagram for the previously over-estimated situations. Given only
four HapMap SNPs A to D located in this region, including two TSNPs (Tag SNPs) A
and D, two LSNPs (Linked SNPs) B and C, and a distribution of maximum r2 for every
base pair to any TSNP, according to the previous deﬁnition of the percentage of SNPs
[9], the coverage of this region is always 100%. However, there are weak-linked posi-
tions between B and C.
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2.1. Exon coverage by HapMap SNPs
We estimated the coverage of exons for four HapMap popu-
lation(CEU, CHB, JPT and YRI) throughout the autosomal chromo-
somes by haplotype blocks (see Materials and methods). There are
49.9% exons covered by haplotype blocks in average among the four
populations, and as shown in Fig. 2a, the coverage rates are similar
for each individual chromosome. So a considerable large number of
exons (~50%) are left uncovered (The word “uncovered” is deﬁned
in Materials and methods). With respect to population, CEU has the
highest coverage rate (55.2%), the coverage rate for Asian populationsFig. 2. Coverage by HapMap SNPs. a. The percentage of covered exons by HapMap SNPs
for each chromosome in the four populations. CEU and Asian populations (55.2% and
52.8%, separately) have more exons covered than YRI populations (41.6%). b. The per-
centage of exons with ﬂanking SNPs with r2>0.8 [14]. The ﬁgure shows the percentage
for each chromosome in four populations separately. In CEU and Asian populations,
more exons have their ﬂanking SNPs with high r2 (20.1% and 24.8, separately), than
those in YRI populations (10.6%).is relatively the same (52.8%) and YRI has the lowest (41.6%). This can
be expected since it was found that YRI has more genetic recombina-
tion and also smaller haplotype block size as mentioned above [12].
Detailed list of coverage for each exon can be accessed in Supplemen-
tary Table 1.
The numbers of uncovered exons and genes for the four popu-
lations by all HapMap SNPs are summarized in Table 1. They are sim-
ilar in CEU and Asian population, while in YRI populations, much
more of them are uncovered. There are 44,250 exons uncovered in
all the four populations, corresponding to nearly half of the protein
coding genes (9720 out of 21,494).
As complementary information to the coverage capacity by haplo-
type blocks deﬁned by Gabriel et al. [12], we calculate the correlation
coefﬁcient (r2) between the two ﬂanking SNPs of each exon (see
Materials and methods). There are 20.1%, 24.5% and 10.6% of exons
with high r2 (>0.8 [14]) for CEU, CHB&JPT and YRI populations (Fig. 2b,
and Supplementary Fig. 1 for the distribution of r2 values). YRI is
still obviously lower than other populations. Most of the exons with
ﬂanking SNPs, which have r2 larger than 0.8, are covered by haplotype
blocks (86.0%, 79.0% and 80.3% in CEU, CHB&JPT and YRI populations
separately). The number of SNPs around each exon (±1 kb, ±2 kb
and ±5 kb) is also calculated and provided in Supplementary Table 1.
Although only a few number of exons are without a SNP in the sur-
rounding region (for example 1.17%, 1.83% and 0.99% exons without
a SNP in ±5 kb in CEU, CHB&JPT and YRI populations separately), if
only considering this information, it may lead to the same problem as
the previous deﬁnition of coverage [9] as we demonstrate in Fig. 1.
2.2. Exon coverage by commercial SNP Chips
We also estimated the block-coverage for each exon region for
four widely used genome wide SNP Chips, the Affymetrix 5.0 and
6.0, and Illumina 660W and 1M. Fig. 3 shows the percentage of cov-
ered exons by the four Chips for different populations. Illumina 1M
has the highest coverage rate in all populations. It almost reaches
the coverage rate by all HapMap SNPs, which can explain the result
from the previous study, using percentage of ungenotyped by geno-
typed SNPs [7,9,10]. The coverage rates of Affymetrix 6.0 and Illumina
660Ware similarly lower than Illumina 1Mbut higher than Affymetrix
5.0. For the four populations, the CEU population is unsurprisingly the
most well-covered and YRI has the lowest coverage rate.
2.3. Comparing the two deﬁnitions
To demonstrate the difference between the previous deﬁnition
and the one that we proposed quantitatively, we calculated the local
percentage-of-SNP coverage of each exonwith its±20 kb ﬂanking se-
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where T represents the number of TSNPs in a region, L for LSNPs, and R
for a reference set of SNPs. G is the total number of common SNPs,
which are unknown and estimated as (le+40,000)×n /e, where le
refers the length of an exon, n is the number of common SNPsTable 1
A summary of uncovered regions.
CEU CHB & JPT YRI Total
Number of uncovered exons 90,039 94,993 117,327 44,250
Number of uncovered genes 13,637 13,776 15,151 9,720
‘Uncovered exons’ means that the not fully covered exons by haplotype blocks and
‘uncovered genes’ refers to genes with at least one not fully covered exon. The last
column “total” refers to the exons or genes that are not fully covered in any population.
Fig. 3. The percentage of covered exons by HapMap SNPs and four commercial Chips for
the four populations. Illumina 1M almost reaches a similar percentage of all HapMap
SNPs. Their average percentages among four populations are 45.3% and 49.9%, separately.
Illumina 660WandAffymatrix 6.0 are similar (23.5% and 25.6% separately) andAffymatrix
5.0 is the lowest (14.5%).
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(2.85×109) in human genome [7,15]. According to this deﬁnition, the
coverage rate is a value between 0 and 1.
Unexpectedly, we found that, only 37.2% exons are with a high
percentage-of-SNP coverage rate (≥0.8), and it was supposed to be
at a similar level than the coverage rate of genes (93% in Ref. [9]). It
is shown in Supplementary Fig. 3 that there is a weird distribution of
coverage rate according to percentage-of-SNP deﬁnition. We found
an extreme case that the percentage-of-SNP coverage rate of the
exon ENSE00001784339 is larger than 1, because it has only 106
common SNPs as estimation (G) but actually has 110 TSNPs (T). This
example suggests that the estimation of G of a small region (such as
an exon) may be quite different from the real one, and this would
lead to inaccuracy and instability in estimations as the above. When
comparing with the coverage rate deﬁned by haplotype block, a simi-
lar trend was observed that the covered SNPs deﬁned by regional
coverage have larger percentage-of-SNP coverage rate than uncov-
ered (Pb1.0×1015, Wilcox rank sum test). However, the result of
this comparison may be not informative, due to the low accuracy of
percentage-of-SNP deﬁnition at the exon level.
3. Discussion
In this study, we evaluated the coverage by commercial Chips, and
some of the Chips can almost reach the coverage by all HapMap SNPs.
Therefore, with carefully selected set of SNPs, some of the current
commercial Chips can capture most of the common variant, for exam-
ple SNPs, in the genome.
However, the power by using even all HapMap SNPs to covermost of
the variants in all exon regions is limited. Our result indicates about 50%
of the exons are not fully covered by haplotype blocks. Variants within
theuncovered exonsmay have low associationswith surrounding geno-
typed SNPs than those within the covered ones. In consequence, many
may failed to be captured, even if a researcher genotypes all HapMap
SNPs.
To test possible difference in coverage capacity between coding
region and the whole genome, we randomly picked 10,000 regions
from the genome (ﬁnally 9988 were used, 22 were missed because
of calculation with integers), with the same distribution of regional
length as that of exon length (Supplementary Fig. 2). The coverage
of these regions for the CEU population by HapMap SNPs was esti-
mated in the same way as that of the exons. We ﬁnd that 54.0% of
the randomly picked regions are covered (Supplementary Table 2),
compared to 55.2% covered for exons (p-value by χ2 test is 0.2274).
Although it is well known that the frequencies of SNPs are differentbetween coding and non-coding regions [16,17] and DNA sequence
polymorphism correlates with recombination rate [18,19], our result
indicates similar rates of coverage for both exons and other non-
coding regions. It suggests that recombination doesn't favor the
exons or the other regions at the genome-wide level, and results
from a previous study also lead to a similar suggestion, that coding
bases are enriched in regions of both high and low LD (the top and
bottom quartiles of the genome) [20].
Although the deﬁnition of regional coverage has the advantages, it
also has some limitations. First, the accurate estimation of haplotype
block depends on a carefully selected human population. In this arti-
cle we use HapMap populations. Although in some GWA studies, no
signiﬁcant difference between the HapMap populations and GWA
populations in LD structure was observed at the genome-wide level
[2], it may exist at a local exon level. And for family-based studies
and studies on diseases with strong hereditary background, the differ-
ence between our estimation and the study population may also exist.
We suggest that one would estimate the speciﬁc coverage rate for the
speciﬁc study population if possible, and it would correct themistakes
caused by inconsistency between ours and a speciﬁc study. Second,
we currently cannot provide a parameter and criteria to indicate the
conﬁdence of our estimation, and it is also a problem when using the
percentage-of-SNP deﬁnition. Third, according to the deﬁnition of re-
gional coverage, we can only estimate local coverage of sequence with
short length, because haplotype blocks are of limited size (usually tens
of kb) [12].
In summary, we have evaluated the coverage for each exon by
HapMap SNPs, and calculated r2 of their ﬂanking SNPs. The coverage
by four commercial Chips was also evaluated. We believe that the
low coverage by using SNPs as genetic markers is a problem for cur-
rent GWA studies. With advances of next-generation sequencing
technique, using exon capture and sequencing, one can avoid the
problem of low coverage by SNP arrays, and directly identify variants
in the exon regions [21,22]. For example, in one study on pancreatic
cancer, novel variants in exon regions of PALB2 gene were discovered
[23]. Currently this approach could be a compliment to SNP-based
GWA studies, and it may be developed to be one of the major effective
methods in the future.
4. Materials and methods
4.1. Data sets
We use SNPs and their information of linkage disequilibrium for
four HapMap populations (CEU, CHB, JPT and YRI) from HapMap pro-
ject release no. 27 and four SNP Chips in GWA studies, Affymetrix's
Genome-Wide Human SNP Array 5.0, 6.0 and Illumina's Human
660W-Quad, Human 1M-Duo. The reference set of exons was
downloaded from Ensemble Biomart, Ensemble Genes 66, Homo sapiens
genes (GRCh37/hg19), with two ﬁlters, with an Ensemble exon ID and
from a protein coding gene. The version of exon annotation was
converted to NCBI36/hg18 for further analysis using utilities from
UCSC Genome Browser [24].
4.2. Deﬁnition of coverage
In previous studies [7,9,10], the coverage deﬁned in a similar way
as in Ref. [7] follows. First, a naive estimate of coverage of all SNPs in




where T represents the number of TSNPs, L for LSNPs, and R for a ref-
erence set of SNPs, such as the Phase II HapMap. Second, they
suggested that since G>R, it may cause overestimation using the
23X. Dong et al. / Genomics 101 (2013) 20–23above equation. So a corrected version is as in Eq. (1) and they set G
as 7.5 million in the genome-wide level. We call this deﬁnition as
the percentage-of-SNP coverage. One can ﬁnd that their correction





where LR is the LSNPs from a reference SNP set, and LG is the variants
from G and also in LD with TSNPs. However, it is not certain whether
the above assumption is reasonable, especially when discussing local
coverage. In Fig. 1, we presented a situation when the percentage-
of-SNP coverage deﬁnition fails.
To avoid the above problem, we use the concept of regional cover-
age. Rather than common SNP (with an allele frequency >1% in a pop-
ulation), mutations may exist at any base pair in a sequence (such as
an exon). So we wish to test if all sequence of an exon is in stable re-
gions (such as haplotype blocks). Notice that when the two ends of
an exon are in different haplotype blocks, an interval of exon sequence
could be found, which is not within either of the blocks, we deﬁne an
exon as “covered”, when all of this sequence is within one and only
one haplotype block, and others as “not fully covered”. There are
many methods to deﬁne haplotype blocks [12,25–31] (reviewed by
Ref. [32]). We use the deﬁnition from Gabriel et al. [12]. They used
the term “strong evidence for historical recombination” SNP pairs if
the one-sided upper 95% conﬁdence bound on D′, the normalized
measure of allelic association [31,33], is less than 0.9. They called a ge-
nomic region as a haplotype block, when less than 5% of comparisons
among informative SNP pairs in the region show strong evidence of
historical recombination [12].
To estimate coverage of a certain set of SNPs for a target exon, we
ﬁrst selected a region including the target exon and ±20 kb sequences
on both its sides. Second, the distribution of haplotype blocks over this
region was estimated by Haploview [34], with a quality check for SNPs
excluding thosewith aHardyWeinberg p-value less than 0.001. Third, if
all base pairs of the target exon are within one haplotype block, it is la-
beled as “covered”, otherwise as “uncovered” (or not fully covered). The
correlation coefﬁcient (r2) of two ﬂanking SNPs of each exon is also pro-
vided as supplementary information to our analysis.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ygeno.2012.09.003.
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